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ABSTRACT ARTICLE HISTORY

This study aimed to identify natural bioactive compounds (NBCs) as potential inhibitors of the spike Received 12 January 2023
(S1) receptor binding domain (RBD) of the COVID-19 Omicron variant using computer simulations (in Accepted 19 June 2023
silico). NBCs with previously proven biological in vitro activity were obtained from the ZINC database
and analyzed through virtual screening, molecular docking, molecular dynamics (MD), molecular
mechanics/Poisson-Boltzmann surface area (MM/PBSA), and molecular mechanics/generalized Born
surface area (MM/GBSA). Remdesivir was used as a reference drug in docking and MD calculations. A
total of 170,906 compounds were analyzed. Molecular docking screening revealed the top four NBCs
with a high affinity with the spike (affinity energy <-7kcal/mol) to be ZINC000045789238,
ZINC000004098448, ZINC000008662732, and ZINC000003995616. In the MD analysis, the four ligands
formed a complex with the highest dynamic equilibrium S1 (mean RMSD <0.3 nm), lowest fluctuation
of the complex amino acid residues (RMSF <1.3), and solvent accessibility stability. However, the
ZINC000045789238-spike complex (naringenin-4'-O glucuronide) was the only one that simultaneously
had minus signal () MM/PBSA and MM/GBSA binding free energy values (-3.74kcal/mol and
—15.65 kcal/mol, respectively), indicating favorable binding. This ligand (naringenin-4'-O glucuronide)
was also the one that produced the highest number of hydrogen bonds in the entire dynamic period
(average = 4601 bonds per nanosecond). Six mutant amino acid residues formed these hydrogen
bonds from the RBD region of S1 in the Omicron variant: Asn417, Ser494, Ser496, Arg403, Arg408, and
His505. Naringenin-4-O-glucuronide showed promising results as a potential drug candidate against
COVID-19. In vitro and preclinical studies are needed to confirm these findings.

KEYWORDS
Naringenin-4'-glucuronide;
SARS-CoV-2; treatment;
spike protein; in silico

Abbreviations: ACE-2: angiotensin converting enzyme 2; CADD: computer-aided drug discovery;
CHARMM: chemistry at Harvard macromolecular mechanics; COVID-19: coronavirus disease 2019;
GROMACS: groningen machine for chemical simulations; HIV: human immunodeficiency virus; LINCS:
linear constraint solver; MD: molecular dynamics; MM/GBSA: molecular mechanics/generalised Born
surface area; MM/PBSA: molecular mechanics/Poisson-Boltzmann surface area; NBCs: natural bioactive
compounds; NVE: microcanonical; NPT: isothermal-isobaric; NVT: canonical; PDB: protein data bank;
PDBQT: protein data bank partial charge and atom type format; QSAR: quantitative structure-activity
relationship; RBD: receptor binding domain; RCSB: research collaboratory for structural bioinformatics;
Rg: radius of gyration; RMSD: root mean square deviation; RMSF: root mean square fluctuation; SASA:
solvent accessible surface area; S1: subunit 1 spike glycoprotein; SARS-CoV-2: Severe acute respiratory
syndrome coronavirus 2; VMD: visual molecular dynamics; WHO: world health organisation

1. Introduction detrimental effects on the transmission and severity of the
virus (Liu et al., 2022).

The Omicron variant (B.1.1.529), initially detected in
Southern Africa in November 2021, became a dominant
deaths by August 2022 (WHO, 2022), the focus of attention  strain of concern, given its high transmissibility (Liu et al.,
has shifted to the emergence and spread of new variants of  2022; Mannar et al.,, 2022; WHO, 2021). Due to the significant
SARS-CoV-2 that have now been associated with substantial accumulation of mutations in the receptor binding domain

Two years into the global COVID-19 pandemic, with over 591
million infections and more than 6.5 million confirmed
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(RBD) of the spike protein of the virus (Cao et al., 2022), this
variant has greater resistance to neutralizing antibodies,
whether from patients recovered from COVID-19 or vacci-
nated individuals (Cao et al., 2022; Liu et al., 2022).

In this context, the repositioning of drugs or even the dis-
covery of potential new drugs capable of curing or prevent-
ing diseases is an attractive, immediate, and realistic
approach to tackle the ongoing COVID-19 pandemic (Sultana
et al., 2020; Venkatesan, 2021). The discovery of pharmaco-
logical activity through high-throughput screening of poten-
tial compounds available in databases is an emerging
strategy that has already led to the approval of new indica-
tions for marketed drugs (e.g., lopinavir/ritonavir for HIV) and
the development of therapeutic options repositioned against
Ebola, hepatitis C and Zika virus (Y. Kumar et al., 2020; Villas-
Boas et al.,, 2020).

Few studies targeting computer-aided drug discovery
(CADD) for COVID-19 are available in the literature, most of
which were developed using the molecular targets of the
wild virus or other mutations of SARS-CoV-2. This approach
may impact the therapeutic success of the drug candidates,
as in the case of hydroxychloroquine, which showed promis-
ing results in preclinical studies for disease repositioning, but
had no additional benefits in clinical trials (poor efficacy and
safety profile).

This study aimed to search for a potential inhibitor of the
spike protein (S1) RBD of the Omicron variant of SARS-CoV-2
through computer simulations (in silico) of molecular dock-
ing, molecular dynamics (MD), molecular mechanics/Poisson-
Boltzmann surface area (MM/PBSA) and molecular mechan-
ics/generalized Born surface area (MM/GBSA), using a bank
of more than 170,000 natural bioactive compounds (NBCs).

2. Material and methods

The three-dimensional structure of the spike glycoprotein
(S1) of the Omicron variant of SARS-CoV-2 was obtained
from the Research Collaboratory for Structural Bioinformatics
protein data bank (RCSB PDB), which is a public domain
database (Berman et al., 2007). The spike (S1) target was
selected because of the SARS-CoV-2-RBD fragment that inter-
acts with human ACE-2, which is responsible for the recogni-
tion and penetration of the virus in lung cells (Yan et al.,
2020). Several S1 glycoproteins obtained from the RCSB PDB
database were pre-evaluated, considering: (i) the result of
the validation percentage ranking; (ii) the availability of infor-
mation on the RBD with human ACE-2; and (iii) the presence
of a complete amino acid sequence. PDB ID 7T9L was the
only structure selected for evaluation, given its completeness
with the abovementioned three criteria (Yan et al., 2020).

2.1. Protein target preparation

The 3D structure of the spike (S1) glycoprotein with the
Omicron mutation (PDB ID 7T9L) (Mannar et al., 2022) in the
PDB format was prepared in the Autodock tools software,
where (i) all crystallization water molecules were removed by
X-ray to avoid steric hindrance at the time of docking with

the ligands; (ii) the polar hydrogens were added; and (iii) the
Kolman charges were included (Ravi & Kannabiran, 2016).
Finally, we investigated the protonation state of the titratable
amino acids of the spike protein (S1) RBD at pH 7.4 using
Open Babel software (O'Boyle et al., 2011). After preparation,
the molecule file was converted to the PDBQT format.
Discovery Studio Visualizer Software was used to visualize
the prepared protein structure (Yan et al., 2020).

2.2. Identification of amino acid residues in the RBD
region of the spike protein (S1)

After the preparation of the molecular target (PDB ID 7T9L),
the original scientific article of the molecular target structure
(PDB ID 7T9L) was carefully read (Mannar et al., 2022), aiming
to identify which amino acid residues of the spike protein
structure (S1) of the Omicron variant interact with human
ACE-2, i.e., the amino acid residues of the RBD. In the next
step, the mutant amino acid residues of the RBD of the vari-
ant were identified by comparing the amino acid sequences
of the spike protein (S1) RBD wild type (PDB ID 6M17) (Yan
et al., 2020) with the amino acid sequence of the spike pro-
tein (S1) RBD of the molecular target in the study (PDB ID
7T9L). A total of fifteen amino acid residues were identified
as the S1 RBD spike residues of the Omicron mutation,
namely, Asp339, Asp339, Pro373, Phe375, Asn417, Lys440,
Ser446, Asn477, Lys478, Ala484, Arg493, Serd96, Ar498,
TyR501 and His505 (Supplementary file, Table S1).

2.3. Collection and preparation of ligands

A total of 170,906 commercially available natural bioactive
molecules were obtained from the ZINC15 database (Sterling
& Irwin, 2015). The ZINC database was chosen because it is
the only database with filters to select only commercially
available compounds and is a very used database in drug
discovery (Irwin & Shoichet, 2005). This filter allows these
compounds to be purchased and tested in vitro or in vivo.
These compounds have shown biological activity against
other diseases in vitro studies. These compounds were
obtained in 3D structure in a mol2 format file, which is rec-
ognized in most in silico study software.

All ligands were prepared in PyRx virtual screening tolls
using two steps (Dallakyan & Olson, 2015). The first step was
the minimization of the energy of each ligand using the fol-
lowing parameters: (i) force field: UFF; (ii) optimization algo-
rithm: conjugate gradients; (iii) the total number of steps:
200; (iv) number of steps for update: 1; stop if energy differ-
ence is less than 0.1, to obtain its most stable conformation,
which could be used to interact with the target protein. We
also assigned Gasteiger partial charges to all ligands using
AutoDoCk Raccoon software (Gasteiger & Marsili, 1980). After
that, we also investigate the protonation state of all ligands
at pH 7.4 using Open Babel software (O'Boyle et al., 2011).

The second step was the conversion of the format of the
ligand files from ‘mol2’ to the ‘PDBQT" format, using
AutodockVina software, which is coupled with the PyRx vir-
tual screening tools software.
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2.4. Virtual screening and molecular docking

Before performing the virtual screening (PyRx virtual screen-
ing tools), the coordinates of the center X, Y, Z and the size
(angstrom) of X, Y, Z of the grid-box and the exhaustiveness
of the Autodock tools and AutodockVina were adjusted. The
most promising bioactive compounds were those that had
both lower protein and ligand binding energy values
(Kirchmair et al.,, 2008). The ligands with the most favorable
results during the virtual screening analyses were docked
using Autodock Tools 4.2.0 and AutodockVina software
(Allouche, 2011; Ravi & Kannabiran, 2016). The reason for
using two different software in the docking analysis
(Autodock tools 4.2.0 and AutodockVina) was to evaluate the
performance and accuracy of the docking results (Cuzzolin
et al., 2015; Vieira & Sousa, 2019). The ligand-protein com-
plexes with a higher binding affinity greater than
—7 kcal/mol were considered for further analyses. The affinity
energy cutoff value was based on published literature
(Alnajjar et al., 2020; Hosseini & Amanlou, 2020; Rafi et al.,
2022). The drug remdesivir was used as a reference to com-
pare the results of molecular docking and virtual screening
between our ligands with the RBD of SARS-CoV-2.

The virtual screening and molecular docking were per-
formed using the following parameters: (i) exhaustiveness of
16; (ii) coordinates of the center of the grid-box were opti-
mized at x=228.052, y=172.488, and z=253.630; and (iii)
the grid-box size was optimized at x=50A, y=70A4,
z=50A. It is essential to highlight that the size of our grid-
box is similar to the grid-box of the recent docking study
published by Liu (2023) (Liu, 2023), who also used the same
crystallographic structure of the Spike protein used in our
study (PDB ID: 7T9L). In docking modeling, the search for the
conformations (poses) of the ligands with the highest bind-
ing stability with the spike protein (RBD) was performed
using a scoring function called the sum of parameterized
energies and a random search function called a genetic algo-
rithm. In this analysis, the protein and ligand binding energy
results were compared with the root mean square deviation
(RMSD) values to validate the results obtained in the virtual
screening analyses (Ravi & Kannabiran, 2016).

2.5. Molecular dynamics (MD)

The ligand-protein complexes showing promising results in
the docking and drug-likeness analyses were subjected to
MD simulations with the S1 protein. In the ZINC database, all
ligands have their partial charges calculated (Gasteiger partial
charges). As the ligands used in this study were obtained
from the ZINC database, in the molecular dynamics simula-
tions, the partial charges of the ligands were not calculated
(Tingle et al., 2023). The interaction energies between the
amino acid residues of the spike (S1) protein were necessary
to achieve an equilibrium stage. The drug remdesivir was
also used as a reference to compare molecular dynamics
simulation results between our ligands with SARS-CoV-2 RBD.

A 20A cubic water model was used for the MD tests. The
spike protein (S1) was inserted in this model, together with
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chloride (CI") and sodium (Na™) ions, at physiological concen-
trations of 0.15 mol/L to neutralize the charges. The optimiza-
tion of the geometries consisted of a series of sequential
steps, namely, minimization, heating, and pressurization, and
this process took place before the equilibrium simulation in
the microcanonical (NVE) set. The simulations were per-
formed applying the following parameters: (i) HOH angle
and OH bond distance of TIP3P water molecules (SHAKE
algorithm), vibration restriction in covalent bonds and peri-
odic boundary conditions; (ii) time steps equal to 2 fs; (iii)
9.0A electrostatic interaction cutoff for all stages of MD
simulation (Field et al., 2000).

All geometries were submitted to two stages of dynamic
equilibrium for a period of 10ns, the first with a constant
temperature (NVT) of 310K and the second with continuous
pressure (NPT) at 1.0 atm (between 100-200 ns, depending on
its stabilization). MD simulations were performed using the
Charm-36 force compound (July 2021 version) with cubic
interpolation implementation. The readjustment of hydrogen
bonds was performed by the linear constraint solver (LINCS)
method, using the 2.0 software and the CHARMM force field
(Chemistry at Harvard Macromolecular Mechanics) (Cheatham
et al., 1995; Hess et al., 1997; Phillips et al., 2005). Finally, MD
simulations were conducted for 100 ns, where the following
MD metrics were evaluated: RMSD, mean square fluctuation
(RMSF), hydrogen bonding, radius of gyration (Rg), solvent
accessible surface area (SASA), temperature, pressure, density
and potential (Islam et al., 2020; Y. Kumar et al., 2020; Oany
et al, 2020; Rakib et al., 2020). It is essential to point out
that in the MD simulations (including the calculation of the
free energies of MM/PBSA and MM/GBSA), 2000 frames were
used.

MD results (such as RMSD and RMSF values) were plotted
in Graph Prism software. VMD (visual molecular dynamics)
software was used to visualize the results of the MD simula-
tions (Humphrey et al., 1996).

2.6. Molecular mechanics/generalized Born surface area
(MM/GBSA) binding free energy calculation

The MM/GBSA calculations (equations 1, 2, and 3) were per-

formed by gmx-mmpbsa in GROMACS (Valdés-Tresanco
et al.,, 2021).

AGping= AH — TAS = AEyn- TAS + AGg, (Eq. 1)

AGum= AEygqw= AEintemai+ AEele (Eq. 2)

AGgo1= AGspa+ AGgp (Eq. 3)

Where: TAS, AEyy, and AGq, are, respectively, the con-
formational entropy, gas phase MM energy, and solvation-
free energy (the sum of the nonpolar contribution AGss and
the polar contribution AGgg). AEmm contains dihedral ener-
gies, electrostatic AEee and AEjiemar Of the bond, Van Der
Waals energy AE,q, and angle. The entropy calculation can
be omitted if no structural changes are caused by bonds in
the MD simulation process.
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2.7. Molecular mechanics/Poisson-Boltzmann surface
area (MM/PBSA) binding free energy calculation

The MM/PBSA method was used to determine the binding
free energy of the MD simulation trajectories. The main
parameters controlling the MM/PBSA calculation include (i)
surface tension to estimate the nonpolar solvation energy
using the evaluable surface area of the solvent, 0.054; (ii)
internal dielectric constant, 1, and external dielectric con-
stant, 80. Equations 4 and 5 below were used to calculate
the MM/PBSA:

AGbind: AGcompIex(minimised)_ [AGligand (minimised)+AGreceptor(minimised)]
(Eq. 4)
(Eq. 5)

where: TAS = entropy contribution; AGyy = sum between
electrostatic and der Vander Waals interactions; AGsy = non-
polar solvation energy; AGpg = polar solvation energy.

Additionally, we performed new calculations of post-
molecular dynamics simulations, where the following metrics
were calculated: the distance (A) from the center of mass per
frame of the Spike protein-ligand complex and the binding
free energies (MM/PBSA and MM/GBSA) per frame. It is
essential to highlight that the post-MD calculations were per-
formed using a time of 20 nanoseconds, and this time was
chosen according to scientific studies previously published in
the literature (Elsbaey et al., 2021; Pang et al., 2021).

AGping= AGmm+ AGpg+AGsa— TAS

2.8. Prediction of pharmacokinetic properties (ADME)
and drug-likeness

For the ligands that showed a better binding affinity with
the spike protein in molecular dynamics simulations, predic-
tions of drug-likeness characteristics and pharmacokinetic
parameters [absorption, distribution, metabolism, excretion
(ADME)] were performed using the online platform called
ADMETLAB2, which uses a machine learning algorithm (artifi-
cial neural networks or deep learning) with >85% accuracy
(Xiong et al, 2021). Predictions of drug-likeness were per-
formed using Pfizer pharmaceuticals and golden triangle
rules. By Pfizer's Methodology, compounds with a high LogP
(>3) and low TPSA (<75) have low oral absorption and
increased toxicity. By the golden triangle method, com-
pounds with low molecular weight (200g/mol <MW
<50g/mol) and low logD (-2 <logD < 5) have a favorable
ADMET profile, that is, they are drug-like (Xiong et al., 2021).
The consensus between both rules was used to define
whether a molecule was drug-like, being drug-like com-
pounds those that fulfilled both rules.

2.9. Toxicity prediction

Ligands with the highest binding affinity for the spike pro-
tein also predicted their acute and chronic toxicities using
the PROTOX Il online platform (Banerjee et al., 2018). Four
different groups of toxicity will be predicted: (i) Organ
Toxicity: Hepatotoxicity; (ii) Toxicity endpoints:
Carcinogenicity, Mutagenicity, and Cytotoxicity; (iii) Tox21
Nuclear receptor signalling pathways: Aryl hydrocarbon

Receptor (AhR); Androgen Receptor (AR); Androgen Receptor
Ligand Binding Domain (AR-LBD); Aromatase, Estrogen
Receptor Alpha (ER), Estrogen Receptor Ligand Binding
Domain (ER-LBD), Peroxisome Proliferator Activated Receptor
Gamma (PPAR-Gamma); (iv) Tox21 Stress response pathways:
Nuclear factor (erythroid-derived 2)-like 2/antioxidant respon-
sive element (nrf2/ARE); Heat shock factor response element
(HSE), Mitochondrial Membrane Potential (MMP),
Phosphoprotein (Tumor Suppressor) p53, and ATPase family
AAA domain containing protein 5 (ATAD5).

3. Results
3.1. Virtual screening and molecular docking

From a total of 17,000 ligands, we selected the top four
ligands with the best binding affinity with the spike protein
(S1) in the virtual screening (PyRx - virtual screening) and
molecular docking processes (AutoDock tools and
AutoDockVina): ID ZINC000045789238 (naringenin-4’-O-glu-
curonide) (Figure 1E), ID ZINC000003995616 (ergoloid)
(Figure 1F), ID ZINC000004098448 (ohioensin A) (Figure 1G)
and ID ZINC000008662732 (prunetrin) (Figure 1H) (Table 1).
The result of Molecular docking between rendersevir and the
spike protein is shown in Figure 2.

All four ligands interacted with the amino acid residues of
the RBD region of the Omicron variant, with the ligand narin-
genin-4’-O-glucuronide (Figure 1E) being the one with the
highest number of hydrogen bonds (n=15) with the amino
acid residues of the RBD region of the Omicron mutation
(Ser494, Ser496, Thr500, Thr5051, and Thr505). Prunetrin
(Figure 1H) was the ligand with the second highest number
of hydrogen bonds (Arg408, Asp417, Ser496, and His505), as
depicted in Figure 1.

Nine conformations were obtained in the docking analy-
ses for each of the four selected ligands. Only the conform-
ation with the highest binding stability with the molecular
target was selected (i.e, conformation with an RMSD value
lower than 2) (Table 1).

In this study, the coefficients of variation of the binding ener-
gies of the spike protein with the top four promising com-
pounds obtained in the different software (PyRx, AutoDock
tools, and AutoDockVina) were <2%, showing the reliability
and precision of the molecular docking results (Table 1).

Table 2 compares spike protein-ligand complex interac-
tions from virtual screening and molecular docking analyses.
We can observe that in both analyses (virtual screening and
molecular docking), ZINC000045789238 formed hydrogen
bonds involving the amino acids Ser496, Thr500, and His505
of the RBD of the spike protein (S1). The ligand
ZINC000003995616 interacted with the amino acids Ser496
(carbon-hydrogen bond) and Tyr501 (pi-pi-shaped) of the
RBD region of the spike protein (S1). The ligand
ZINC000004098448 established pi-alkyl and pi-pi T-shaped
interactions with the amino acids Lys478, Phe486, and
Val483, respectively. Finally, the ligand ZINC000003995616
interacted with the amino acids Arg408, Asn417, and Tyr453
from RBD, producing hydrogen bonds, hydrogen bonds, and
carbon-hydrogen bonds, respectively. We can observe a
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Figure 1. Molecular docking modeling of the top four ligands. The docking of the ligands naringenin-4-O-Glucuronide (ZINC000045789238), ergoloid
(ZINC000003995616), ohioensin A (ZINC000004098448), and prunetrin (ZINC000008662732) are shown in figures A, C, E and G, respectively. Yellow and blue-col-
ored structures represent the ligands and the spike protein (S1), respectively. Spike protein-ligand complex interactions are shown in dashed lines, where the
green, blue, purple, and pink lines represent hydrogen bonds, attractive charges, pi-pi stacked/PiPi-T-shaped, and pi-alkyl, respectively. Figures B, D, F, and H repre-
sent the chemical structures of naringenin-4'-O-Glucuronide (ZINC000045789238), ergoloid (ZINC000003995616), ohioensin A (ZINCO00004098448) and prunetrin

(ZINC000008662732), respectively, are shown.

similarity in the interactions of the protein-ligand complex in
the virtual screening and molecular docking analyses.

Table 3 compares the interactions of the molecular dock-
ing analyses using the exhaustiveness of 16 and 100. In the
table, we can observe that in both exhaustiveness, some
RBD amino acids (Ser496, Thr500, Tyr501, and His505) were
involved in the link between the ZINC000045789238 ligand
and the spike protein via a hydrogen bond, carbon-hydrogen
bond, pi-pi T-shaped and pi-pi-stacked. The
ZINC000003995616-spike complex were the following amino

acids by Hydrogen bond, attractive charge, pi-alkyl, carbon-
hydrogen bond, pi-pi stacked and pi-pi T-shaped involving
the following RBD amino acids: Asp405, Tyr495, Ser49e6,
Tyr501. The ZINC000004098448-spike complex was formed
via pi-alkyl and pi-pi T shaped bonds involving the following
RBD amino acids: Lys478, Val483, and Phe486 by such bonds.
And finally, the ZINC000008662732-Spike complex was
formed through attractive charge, Hydrogen bond, carbon-
hydrogen, pi-sigma, alkyl, and pi-alkylenvel bonds, including
the following amino acid residues: Arg403, Arg408, GIn409,
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Table 1. Virtual screening and molecular docking of the main natural com-
pounds and the spike protein (S1) of SARS-CoV-2.

AutoDock Tools

AutodockVina

Ligand PyRx-virtual screening

ZINC ID (kcal/mol) ~ RMSD  (kcal/mol) RMSD (kcal/mol) RMSD
ZINC000004098448 —83 0.0 -89 1.1 —86 1.1
ZINC000045789238 —85 0.0 —8.8 13 -89 1.4
ZINC000008662732 —8.2 0.0 —87 1.1 -85 1.2
ZINC000003995616 —87 0.0 —83 14 -84 1.2

Note: All binding energy and RMSD values were based on the most stable
conformation of the ligand after docking. Binding affinities are expressed as
the lowest binding energies obtained in kcal/mol (<-7kcal/mol). Virtual
screening was obtained by PyRx-AutodockVina; Molecular docking was
obtained by AutoDock1.5.6 and AutodockVina. Naringenin-4'-O-Glucuronide
(ZINC000045789238),  ergoloid ~ (ZINC000003995616),  ohioensin A
(ZINC000004098448) and prunetrin (ZINCO00008662732).

Leyd55
Tyrd53

X

Interactions
Attractive charge
Hydrogen bond

Carbon hydrogen
bond

Alkyl
Pi-Alkyl

| Pi-sigma

Figure 2. Molecular docking modeling of remdesivir (reference drug). spike
protein-ligand complex interactions are shown in dashed lines. Yellow and
blue-colored structures represent remdesivir and the spike protein (S1), respect-
ively. The colors orange, green, light pink, and purple represent the bonds of
the type tractive charges, hydrogen bonds, carbon-hydrogen bond, alkyl, pi-
alkyl, and pi-sigma, respectively.

Asn417, Tyrd53, Ser496, His505. 2D structures of interactions
between the four ligands with the spike protein are shown
in the supplementary material (page S2).

3.2. Molecular dynamics (MD)

MD simulations for each spike glycoprotein (S1) complex of the
Omicron variant with the four ligands (ZINCO00045789238,
ZINC000004098448, ZINC000008662732, and ZINC000013374469)
and remdesivir (reference drug) were conducted for 100 ns. The
results of the MD simulations for four ligands and for remdesivir
are shown in Figures 3 and 4, respectively. All four protein-
ligand complexes had RMSD values lower than 0.3, showing
that there was binding stability between the amino acid resi-
dues of the spike protein (S1) of the RBD region during the
entire dynamics period: ZINC000045789238-spike(S1) complex
RMSD 0.124—0.250nm and mean RMSD = 0.242nm;
ZINC000004098448-spike(S1) complex RMSD 0.122 — 0.251 nm

and mean RMSD = 0.232 nm; ZINC000008662732-spike(S1) com-
plex RMSD 0.116 —0285nm and mean RMSD = 0.246;
ZINC000003995616-spike(S1)  RMSD  (0.125 —0.308 nm) and
mean RMSD = 0.264 nm (Figure 3). The average RMSD value of
the remdesivir-RBD spike protein complex was 0.2417 nm
(Figure 4), also showing binding stability of the complex formed
(RMSD < 0.3), and these results are similar to those found with
the four ligands in our study (Figure 3A).

The dynamic behavior of the amino acid residues of the
spike glycoprotein (S1) was also studied by calculating the
RMSF values. Although all amino acid residues of the spike
glycoprotein (S1) showed fluctuations within the tolerated
limit (RMSF < 1.3nm), the amino acid residues of the
Omicron mutation produced the largest fluctuations, espe-
cially Phe375, Lys440, Lys478, and Phe375 (Figure 3). For the
ZINC000045789238-spike complex, five amino acid residues
were identified in this analysis, three belonging to the
Omicron mutation (Phe375, Lys440, Lys478) and two non-
mutant  residues  (His519 and  Ser530). In  the
ZINC000003995616-spike(S1) complex, the amino acid resi-
dues that underwent the most fluctuation were Arg408,
Lys478,  Ser530, His519, and  Ser530. For the
ZINC000004098448-spike (S1) complex, seven amino acids
showed more alterations, four of them involved in the
Omicron mutation (Leu371, Proina373, Lys440, Lys478) and
three non-mutant residues (Arg408, His519 and Ser530). For
the ZINC000008662732-spike (S1) complex, three mutant
amino acids (Lys478, Ala484 and Phe375) and five non-
mutant amino acids (Pro330, Arg346, Arg408, Ala486 and
Ser530) were identified. Figure 4B shows the RMSF results for
remdesivir, and we can see that five RBD amino acid residues
(Arg346, Arg357, Arg408, His519, and Ser519) that showed
higher RMSF values (greater fluctuation) were the same
amino acid residues that also showed greater fluctuations in
the four ligands identified in this study.

The ZINC000045789238-spike complex had the highest
number of hydrogen bond interactions (total = 46007 hydro-
gen bonds), with an average of 4601 bonds per nanosecond
of dynamics, and the following amino acid residues establish-
ing these bonds: Asn417, Ser494, Ser496, Arg403, Arg408,
and His505. The complex ZINC000008662732—spike (S1) had
the second highest number of hydrogen bonds (total =
25847 hydrogen bonds), with an average of 259 bonds per
nanosecond, followed by the ZINC000003995616—spike (S1)
complex (total = 21750, mean = 218) and finally the
ZINC000004098448—spike (S1) complex (total = 8607, mean
= 86). In the case of the remdesivir-spike protein complex
(Figure 4C), there was a formation of 6074 hydrogen bonds
in the entire period of molecular dynamics, and the RBD
amino acids and three RBD amino acid residues (Ser494,
Ser496, Arg408) were identified that were also involved in
the binding with our four ligands.

3.3. Calculation of free energies MM/PBSA and
MM/GBSA

Table 4 shows the summary calculation of the average
MM/PBSA and MM/GBSA binding free energies of the AG
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Table 2. Comparison of spike protein (RBD)-ligand complex interactions from virtual screening and molecular docking analyzes.

RBD amino acids involved in the

Modeling Compound ID interaction Type of interaction
Virtual screening (PyRx) ZINC000045789238 Ser496, Thr500, His505 Hydrogen bond
ZINC000003995616 Ser496, Tyr495, Tyr501 carbon-hydrogen bond, pi-alkyl and
pi-pi-shaped
ZINC000004098448 Asn477, Lys478, Ala484, Phe486 pi-alkyl, pi-pi-shaped, and carbon-
hydrogen bond
ZINC000008662732 Arg408, Asn417, Tyrd53 Hydrogen bond and carbon-hydrogen
bond
Molecular docking ZINC000045789238 Ser494, Ser496, Thr500, Thr501, Hydrogen bond
(Autodock tools) His505
ZINC000003995616 Asp405, Ser496, Tyr495, Tyr501, Hydrogen bond, attractive charge, pi-
alkyl, carbon-hydrogen bond, and
pi-pi-shaped
ZINC000004098448 Lys478, Val483, Phe486 pi-alkyl, pi-pi T shaped
ZINC000008662732 Arg403, Arg408, GIn409, Asn417, Hydrogen bond, carbon-hydrogen
Tyr453, Ser496, His505, bond
Molecular docking ZINC000045789238 Ser496, Thr500, Thr501 Hydrogen bond
(Autodock Vina) ZINC000003995616 Ser496, Tyr495, Tyr501 carbon-hydrogen bond, pi-alkyl and
pi-pi-shaped
ZINC000004098448 Lys478, Phe486, Val483 pi-alkyl, pi-pi-shaped, and carbon-
hydrogen bond
ZINC000008662732 Arg408, Tyr453, His505 Hydrogen bond and carbon-hydrogen

bond

Naringenin-4'-O-Glucuronide (ZINC000045789238), ergoloid (ZINC000003995616), ohioensin A (ZINC000004098448) and prunetrin (ZINC000008662732).

Table 3. Docking results using two different exhaustiveness values (16 and 100) of the top 4 ligands with the highest affinity for SARS-CoV-2 RBD.

RBD amino acids involved in

Compound ID the interaction

Type of interaction

RBD amino acids involved in

the interaction Type of interaction

ZINC000045789238 Ser494, Ser496, Thr500,

Tyr501, His505

Hydrogen bond

ZINC000003995616 Asp405, Tyr495, Ser496,

Tyr501

shaped,
ZINC000004098448
ZINC000008662732

Lys478, Val483, Phe486

Arg403, Arg408, GIn409,
Asn417, Tyr453, Ser496,
His505,

hydrogen bond

Remdesivir

Hydrogen bond, attractive
charge, pi-alkyl, carbon-
hydrogen bond, pi-pi-

pi-alkyl, pi-pi T shaped
Hydrogen bond, carbon-

Arg403, Arg498, Ser496,
Thr500, Tyr501, His505

Hydrogen bond, carbon-
hydrogen bond, pi-pi T-
shaped and pi-pi-stacked

Hydrogen bond, attractive
charge, pi-alkyl, carbon-
hydrogen bond, pi-pi
stacked and pi-pi T-shaped

pi-alkyl, pi-pi T shaped

Hydrogen bond, carbon-
hydrogen bond, Pi-cation,
pi-pi stacked

attractive charge, Hydrogen
bond, carbon-hydrogen,
Pi-sigma, alkyl, and pi-alkyl

Asp405, Tyr495, Ser496,
Tyr501, His505

Lys478, Val483, Phe486

Arg403, Arg408, GIn409,
Asn417, Tyr453, Ser496,
His505

Arg403, Glu406, GIn409,
Thr415, Asn417, Tyr4d53,
Leu455, Tyr495, Phe497,
Tyr501, His505

Naringenin-4"-O-Glucuronide (ZINC000045789238), ergoloid (ZINC000003995616), ohioensin A (ZINC000004098448) and prunetrin (ZINC0O00008662732).

Complex, AG Receptor (spike protein), and AG Ligand, as
well as the energy difference AG (Complex - Receptor—
Ligand). All four ligands had a mean (-) MM/GBSA values for
the AG complex and the AG difference (Complex -
Receptor—Ligand). However, only the ligand
ZINC000045789238 had a (-) average MM/GBSA binding free
energy for the AG (Complex - Receptor -Ligand), which was
— 3.74kcal/mol, meaning that this complex was the only
one to establish a bond with favorable energy to the
molecular target. The remaining three ligands had (+) aver-
age MM/PBSA. The MM/PBSA and MM/GBSA results of
remdesivir are similar to those found by our promising mol-
ecule (naringenin-4’-O-glucuronide), that is, MM/PBSA and
MM/GBSA values less than zero (Table 4). Such similarity con-
solidates our results that suggest that the phytochemical nar-
ingenin-4’-O-glucuronide is a potential drug candidate for
the treatment of COVID-19.

Figure 5 shows the results of the post-molecular dynamics
(post-MD) simulation calculations. We can observe that the

result of the calculations of the distances (A) of the center of
masses (CoM) per frame shown in Figure 5A, the
ZINC000045789238-spike complex was the only one with
smaller CoM distances. Its profile of CoM is similar to the
CoM profile of the remdesivir-spike complex (control drug) at
every post-MD simulation time. Calculations of MM/GBSA
binding free energies per frame (Figure 5C), all four ligands
tested, and remdesivir (control drug) showed good binding
stability [(-) (MM/GBSA]. However, for the calculation of free
energy of MM/PBSA binding per frame (Figure 5B), only the
ligand ZINC000045789238 and remdesivir (control drug)
were the ones that presented free energy of stable binding
with the Spike protein of SARS-CoV-2 [(-) (MM/PBSAI].
According to the predictions made on the ADMETLAB2
platform (Table 5), all four compounds evaluated (naringe-
nin-4’-O-glucuronide, Ohioensin A, prunetrin, and ergoloid)
had drug-like characteristics according to Pfizer's rule and
golden triangle. Table 4 shows the results of the predictions
of the pharmacokinetic parameters. Of the four compounds,
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Figure 3. Molecular dynamics simulations of the top four ligands. Figures A, B, C, and D show the profile of RMSD, RMSF, total hydrogen bonding, and solvent
accessibility for the molecular dynamics simulations at a time of 100ns. The complexes naringenin-4'-O-Glucuronide (ZINC000045789238)-spike, ergoloid
(ZINC000003995616)-spike, ohioensin A (ZINC000004098448)-spike, and prunetrin (ZINCO00008662732)-spike are colored in black, yellow, green and red,

respectively.

049 A
0.34
@
= 0.2
(14
0.14
0.0 L] ] L] L] 1
0 20 40 60 80 100
Time (ns)
81c
[0
-]
5 6
o
I
s 4]
c
®
s 2
[
0
0 20 40 60 80 100
Time (ns)

0.6 B
Asna7g Phe48é Ser519
w 0.4 Arg346 Leus7 His519
g Arg357
(1’4
0.2
o9 I : ) T 1
350 400 450 500 550
Residue number
10 D
z
Iy
2
£
=
<
2
Py 7
6-1 i : : | |
g @ A0 60 o0 100

Time (ns)

Figure 4. Molecular dynamics simulations of remdesivir (reference drug). Figures A, B, C, and D show the profile of RMSD, RMSF, total hydrogen bonding, and solv-

ent accessibility for the molecular dynamics simulations at a time of 100 ns.

only naringenin-4'-O-glucuronide and ohioensin A had a
higher likelihood of oral and increased absorption and good
bioavailability. However, in the distribution, only naringenin-
4'-O-glucuronide had the four distribution parameters
(Plasma Protein Binding, Volume Distribution, Blood-Brain
Barrier, and FU) simultaneously within the acceptable range
values. Naringenin-4'-O-glucuronide was shown to be more

likely to be a CYP2C9 substrate. At elimination, all four mole-
cules had clearance values within the tolerated range.

Table 6 shows the results of the acute and chronic toxicity
predictions that were obtained on the PROTOX Il platform.
Among the four analyzed compounds, only the ohioensin A
ligand was the one that presented some type of toxicity
(cytotoxicity, ER, ER-LBD, MMP, and Phosphoprotein p53). In



Table 4. MM/PBSA and MM/GBSA binding free energy of spike protein (S1) and ligand complex.
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MM/PBSA
ZINC ID (ligand) AG Complex AG Receptor AG Ligand AG (Complex - Receptor -Ligand)
ZINC000045789238 —1983.33 —1993.60 14.01 —3.74
ZINC000004098448 —1961.07 —2010.66 47.64 1.95
ZINC000008662732 —1875.03 —1989.50 106.42 8.04
ZINC000003995616 —1933.84 —2003.13 63.19 6.11
Remdesivir —1721.55 —1919.07 202.82 —5.30

MM/GBSA
ZINC ID (ligand) AG Complex AG Receptor AG Ligand AG (Complex - Receptor -Ligand)
ZINC000045789238 —2539.84 —2543.37 19.18 —15.65
ZINC000004098448 —2522.03 —2562.51 51.83 —11.35
ZINC000008662732 —2428.50 —2532.94 112.70 —8.25
ZINC000003995616 —2496.10 —2549.13 66.14 —13.10
Remdesivir —2276.65 —2469.59 201.68 —8.73

Note: Naringenin-4'-O-Glucuronide (ZINC000045789238), ergoloid (ZINC000003995616), ohioensin A (ZINCO00004098448) and prune-

trin (ZINC000008662732).
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Figure 5. Post-molecular dynamics (Post-MD) simulations of the top four ligands and rendesivir (control drug). Figures A, B, and C show the profile of the center
of mass (CoM) per frame, binding free energy MM/PBSA per frame, and binding free energy MM/GBSA per frame for the post-MD simulations at a time of 20 ns.
The complexes naringenin-4'-O-Glucuronide (ZINC000045789238)-spike, ergoloid (ZINC000003995616)-spike, ohioensin A (ZINC000004098448)-spike, prunetrin

(ZINC000008662732)-spike and remdesivir-spike are colored in black, yellow, green, red and blue, respectively.

Table 5. Prediction of pharmacokinetic parameters of the top four ligands that had the highest affinity for the spike protein (S1) RBD of the omicron mutation.

Pharmacokinetic parameter

Naringenin-4'-O-glucuronide

Ohioensin A

Prunetrin

Ergoloid

Probability/Value*

Probability/Value*

Probability/Value*

Probability/Value*

Observation

Absorption

Human Intestinal Absorption (%)
F (20% Bioavailability) (%)

Distribution

Plasma Protein Binding (%)
Volume Distribution (L/kg)

Blood-Brain Barrier (%)
FU (%)

Metabolism

CYP1A2 inhibitor (%)
CYP1A2 substrate (%)
CYP2C19 inhibitor (%)
CYP2C19 substrate (%)
CYP2C9 inhibitor (%)
CYP2C9 substrate (%)
CYP2D6 inhibitor (%)
CYP2D6 substrate (%)
CYP3A4 inhibitor (%)
CYP3A4 substrate (%)
Excretion

Clearance Rate (mL/min/kg)

Half Life Time (h)

70-90
70-90

87.12
0.37
0.0-10
12.89

0.0-10
0.0-10
0.0-10
0.0-10
0.0-10
70 - 90
0.0-10
0.0-10
0.0-10
0.0-10

5.295
0.808

70-90
70-90

92.757
1.857

0.0-10
4.387

10-30
70-90
10-30
90-100
0.0-10
10-30
0.0-10
10-30
10-30
90-100

6.145
0.165

0.0-10
10-30

87.730
0.741
8.802

30-50
10-30
0.0-10
0.0-10
10-30
70 - 90
30-50
30-50
10-30
0.0-10

5.987
0.586

0.0-10
0.0-10

93.306
3.095
30-50
3.056

0.0-10
0.0-10
50-70
90-100
90-100
10-30
0.0-10
10-30
90-100
90-100

14.675
0.727

Optimal: < 90
Optimal: 0.04 - 20

Low < 5; Midle:5-20; High > 20

Low < 5; Midle:5-15; High > 15
Short < 3; Long > 3

“For the classification endpoints, the prediction probability values are transformed into six symbols: 0-10% (- - -), 10-30% (- -), 30-50% (-), 50-70% (+), 70-90%
(4 +), and 90-100% (4 + +).
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Table 6. Prediction of acute and chronic toxicity of the top four ligands that had the highest affinity for the spike protein (S1) RBD of the Omicron mutation.

- Naringenin-4'-O-glucuronide Ohioensin A Prunetrin Ergoloid
Type of toxicity
Prediction Probability Prediction Probability Prediction Probability Prediction Probability

Hepatotoxicity Inactive 0.74 Inactive 0.71 Inactive 0.83 Inactive 0.96
Carcinogenicity Inactive 0.60 Inactive 0.58 Inactive 0.90 Inactive 0.52
Mutagenicity Inactive 0.68 Inactive 0.62 Inactive 0.65 Inactive 0.90
Cytotoxicity Inactive 0.84 Active 0.68 Inactive 0.58 Inactive 0.54
AhR Inactive 0.81 Inactive 0.59 Inactive 0.62 Inactive 0.99
Androgen Receptor Inactive 0.98 Inactive 091 Inactive 0.98 Inactive 0.99
AR-LBD Inactive 0.96 Inactive 0.95 Inactive 1.0 Inactive 1.0
Aromatase Inactive 0.96 Inactive 0.79 Inactive 0.99 Inactive 0.94
ER Inactive 0.86 Active 0.65 Inactive 0.97 Inactive 0.98
ER-LBD Inactive 0.93 Active 0.52 Inactive 0.99 Inactive 1.0
PPAR-Gamma Inactive 0.91 Inactive 0.62 Inactive 0.99 Inactive 0.98
nrf2/ARE Inactive 0.90 Inactive 091 Inactive 0.99 Inactive 0.93
HSE Inactive 0.90 Inactive 0.91 Inactive 0.99 Inactive 0.93
MMP Inactive 0.65 Active 0.72 Inactive 0.99 Inactive 0.86
Phosphoprotein p53 Inactive 0.80 Active 0.55 Inactive 0.86 Inactive 0.98
ATAD5 Inactive 0.94 Inactive 0.75 Inactive 0.99 Inactive 0.99
Acute toxicity (LD50) 2300 mg/kg 2000 mg/kg 5000 mg/kg 2000 mg/kg

Aryl hydrocarbon Receptor (AhR); Androgen Receptor Ligand Binding Domain (AR-LBD); Estrogen Receptor Alpha (ER); Estrogen Receptor Ligand Binding Domain
(ER-LBD); Peroxisome Proliferator Activated Receptor Gamma (PPAR-Gamma); Nuclear factor (erythroid-derived 2)-like 2/antioxidant responsive element
(nrf2/ARE); Heat shock factor response element (HSE); Mitochondrial Membrane Potential (MMP); ATPase family AAA domain-containing protein 5 (ATADS).

contrast, the rest of the three ligands showed no kind of tox-
icity. The results of acute toxicity showed that all compounds
had a lethal dose greater than 2000 mg/kg and were classi-
fied as compounds of class V toxicity, which is the class of
compounds unlikely to cause acute damage.

4. Discussion

This study evaluated more than 170,000 NBCs as potential
alternatives against COVID-19 using docking and MD simula-
tions, including MM/PBSA and MM/GBSA trials. Although we
initially identified four compounds (Table 1) as having a
higher binding affinity with the spike (S1) protein of the
Omicron variant of the virus, only the chemical compound
naringenin-4’-O-glucuronide (ID ZINC000045789238) pre-
sented promising results during the MD simulations.

The Omicron variant of SARS-Cov-2 is currently a signifi-
cant concern in the fight against COVID-19, given its muta-
tional patterns (Chekol Abebe et al., 2022; Rahmani & Rezaei,
2022). It is known that the spike protein (S1), specifically the
RBD region, is responsible for the virus's recognition of the
host cells (human ACE-2) (Kannan et al., 2021; Tian et al.,
2022). In the case of the spike protein (S1) of the Omicron
variant, several mutations of the amino acid residues of the
RBD region have been reported (Asp339, Asp339, Pro373,
Phe375, Asn417, Lys440, Ser446, Asn477, Lys478, Ala484,
Arg493, Serd496, Ar498, TyR501, and His505) (Briussow &
Briissow, 2022; Mannar et al, 2022). Besides providing a
higher speed of dissemination to the virus, these mutations
challenge the development or improvement of vaccines and
treatments that can increase individuals’ immunity (Ao et al.,
2022; Fan et al.,, 2022). There is also scientific evidence show-
ing several cases of re-infection by Omicron, thus requiring
the administration of booster vaccines (Fan et al., 2022).

Several docking studies and molecular dynamics simula-
tions aimed at identifying new inhibitors against different
target proteins of SARS-CoV-2 are available in the literature
(Badavath et al., 2022; Fayyazi et al., 2022; Sen et al, 2022;

Sen Gupta et al, 2022; Thakur et al., 2022). For example,
Gangadevi et al. (2021) identified kobophenol A as a poten-
tial inhibitor of the Spike protein RBD (S1), where the amino
acids Glu375 and Thr347 established hydrogen bonds with
the spike protein (Gangadevi et al., 2021). Two possible rea-
sons explain the differences in the amino acid residues
involved in the interaction of the protein-ligand complex
between our study and the study by Gangadevi et al. (2021):
first, because Gangadevi et al. (2021) used the spike protein
from the SARS-CoV-2 wild types (PDB ID 6M0J) (Lan et al.,
2020), unlike our study where we used the spike protein of
SARS-CoV-2 that underwent omicron mutation (PDB ID 7T9L)
(Mannar et al.,, 2022). The following explanation is that in the
study by Gangadevi et al. (2021), the docking and molecular
dynamics of the ligands were done with the RBD/ACE-2 spike
complex. The ligands were linked in a different site of the
RBD (Gangadevi et al., 2021). In contrast, in our study, we
isolated the ACE-2 spike protein and sought to investigate
ligands that inhibit specific RBD amino acids involved in
ACE-2 binding (Asp339, Asp339, Pro373, Phe375, Asn417,
Lys440, Ser446, Asn477, Lys478, Ala484, Arg493, Ser496,
Ar498, TyR501, and His505) (Mannar et al., 2022). On the
other hand, the RBD amino acids identified in ours were also
found in the study by Kumar et al. (2022), wherein molecular
dynamics assays the drug favipiravir showed promising
results in inhibiting the RBD of the Spike protein of SARS-
CoV-2 blocking amino acids Arg408 (HB), GIn409 (hydropho-
bic) by hydrogen bonding and hydrophobic interactions,
respectively (Kumar et al., 2022). Also, in the study by Kumar
et al. (2022), isochlorogenic acid had a greater binding affin-
ity with the amino acids Tyr453 and Tyr453 of RBD via
hydrogen bonds (Kumar et al., 2022).

We would also like to point out that we performed
molecular docking analyses and molecular dynamics simula-
tions using remdesivir as a reference drug, and the results
found were similar to those found by our four promising
ligands (Naringenin-4’-O-Glucuronide, ergoloid ohioensin A
and prunetrin).



One way to ensure the reliability and accuracy of docking
results is to perform consensual docking using different soft-
ware (Poli et al,, 2016; Tuccinardi et al., 2014). Using three
different software (PyRx, AutoDock tools, and AutoDockVina),
we could provide reliable results, with reported binding
energy values of the top four ligands <2%. A total of nine
conformations (poses) were generated, and we selected the
one with the highest binding stability (i.e., RMSD values
<2.0), which reveals the accuracy of the docking results.

Non-covalent interactions such as hydrogen bonds play
an essential role in recognizing the ligand to the molecular
target and stabilizing the binding of the target-ligand com-
plex (Gancia et al., 2001). In addition, many quantitative
structure-activity relationships (QSAR) studies demonstrate
that hydrogen bonds are essential in modeling a specific tar-
get activity (Fujita et al., 1977). In our study, the analysis of
docking interactions showed that the ligand naringenin-4’-O-
glucuronide (ID ZINC000045789238) produced the highest
number of hydrogen bonds (n=6) with amino acid residues
in the RBD region of the spike protein (S1) of the Omicron
mutation (Ser494, Ser496, Thr500, Thr5051, and Thr505).
Prunetrin (ID ZINC000008662732) was the ligand with the
second-highest number of hydrogen bonds (Arg408, Asp417,
Ser496, and His505).

A plot of RMSD versus simulation time is commonly used
to establish the ligand-target molecular complex’s equilib-
rium period, stability, and binding quality in MD analyses.
Overall, in our study, all four ligands formed a ligand-protein
complex with mean RMSD values lower than 0.3 nm through-
out the dynamics time of 100 ns, which is considered accept-
able (da Fonseca et al., 2022; Kozakov et al., 2005; Mukherjee
et al,, 2010; Shoichet & Kuntz, 1991; Wright et al.,, 2013).

The RMSF is used to analyze the fluctuation (or stability)
of atoms (or groups of atoms) of the apo-ligand receptor
complex and the protein-ligand complexes in general, as can
be observed in some studies in the literature involving the
RBD complex of the protein spike of SARS-CoV-2 and ligands
(Kalathiya et al., 2021; Sabzian-Molaei et al., 2022; Taka et al.,
2021). In our study, RMSF values were also determined to
understand the stability/fluctuations of the four complexes
(Jamroz et al., 2014; Vardhan & Sahoo, 2020). Although all
amino acid residues of the spike glycoprotein (S1) showed
fluctuations within the tolerated limit (RMSF < 1.3nm), as
expected (Ahmed et al., 2021), the residues of the Omicron
mutation involved in the interaction with the ligand (Phe375,
Lys440, Lys478, and Phe375) presented important fluctua-
tions. Previous studies have shown that these mutant resi-
dues are responsible for dynamic order-disorder transitions
during the binding of the spike protein (S1) with human
ACE-2, which may explain the figures obtained in our analy-
ses (S. Kumar et al,, 2022; Mannar et al., 2022).

In our study, all four complexes had stability in solvent
accessibility and compatibility with the protein-ligand com-
plex throughout the dynamic simulation period (100 ns)
(Ahmed et al, 2021), as demonstrated in the SASA graph.
The naringenin-4’-O-glucuronide-spike(S1) complex had the
highest number of hydrogen bonds whose results correlate
to those from the docking analyses.
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MM/PBSA and MM/GBSA are two methods popularly used in
MD simulations because they have high precision in the calcula-
tion of the free energy of binding between a ligand and
molecular target in the whole trajectory of MD, being strongly
recommended by scientists in the field (Genheden & Ryde,
2015). In our analyses, only the naringenin-4'-O-glucuronide—
spike (S1) complex had (-) results for MM/PBSA and MM/GBSA
binding free energies, showing greater binding stability with the
spike protein (S1) and, therefore, being a promising drug candi-
date against SARS-CoV-2 infections. Conversely, although the
remaining ligands, ZINC000003995616, ZINC000004098448, and
ZINC000008662732, had acceptable dynamic equilibrium values
(RMSD < 0.3nm), they should not be considered drug candi-
dates for this indication due to the lack of spike protein binding
stability (MM/PBSA > 0).

Naringenin is a phytochemical of the class of flavonoids
known to have potent antiviral and immunomodulatory
activity, including against the SARS-Cov-2 virus (Tutunchi
et al., 2020; Zeng et al., 2018). However, no studies were
found in the literature concerning activity against SARS-Cov-
2 for the compound naringenin-4’-O-glucuronide identified
in our research. However, since naringenin-4’-O-glucuronide
is a naringenin derivative, it likely has an action against
SARS-Cov-2. In vitro and in vivo studies are needed to con-
solidate our findings.

The high computational cost in performing MD simula-
tions was the main limitation of this study. Although we
used 100 ns for the MD simulations, as usually recommended
in the literature (Majumder & Mandal, 2022; Mishra et al.,
2021; Rashdan & Abdelmonsef, 2022; Sepay et al,, 2021), we
acknowledge that an increase in MD time could generate
further information, such as protein folding and secondary
structure behavior (alpha helix and beta-pleated sheets).

5. Conclusion

Using docking techniques, drug-likeness calculations, ADMET
predictions, MD and post-MD simulations, we virtually screened
over 170,000 natural compounds against the spike protein (S1)
RBD of the Omicron variant of COVID-19. In the docking calcula-
tions, we identified four phytochemical molecules with the high-
est affinity for the RBD Spike protein (naringenin-4’-O-
glucuronide, ergoloid, ohioensin A and prunetrin). However, in
drug-likeness, ADMET, MD and post-MD calculations, naringenin-
4'-O-glucuronide was the most promising compound for inhibit-
ing the following mutant amino acid residues: Asn417, Ser494,
Ser496, Arg403, Arg408, and His505. These results revealed nar-
ingenin-4’-O glucuronide as a potential drug candidate against
COVID-19. Additionally, we recognize the importance of experi-
mental validation suggested by the reviewers, but this would be
the study’s next step because the present study’s objective is to
investigate drug candidates against COVID-19 using in silico
methods.
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